Compost stabilitylmaturity has become a critical issue for land application of compost because immature compost can be detrimental to plant growth and the soil environment. We compared several methods of evaluating the stabilitylmaturity of biosolids compost: chemical properties, microbial respiration activity (CO, evolution), seed germination tests, and dissolved organic carbon (DOC) as determined by its concentration and mass-specific absorbence (MSA) at 420 nm. Two to five biosolids compost samples were collected during compost curing stages from three full-scale composting facilities in Florida. The compost samples from two facilities were in the stabilization/ maturation process. With curing time, electrical conductivity (EC), DOC concentration, and CO, evolution rate decreased, whereas pH, seed germination rate, and the MSA of DOC increased in these samples. Compost samples from the third facility exhibited distinctly different behavior. Relatively high seed phytotoxicity, with no consistent trends of other parameters, suggested that these samples may have not been in a real curing process, despite the generally low CO, evolution rate and DOC content. Based on these results, we concluded that pH, EC, CO, evolution rate, seed germination rate, and DOC (concentration and MSA) could be used to monitor stabilization and maturation processes. Compost stability and maturity are different characteristics and both are needed for compost quality control. Dissolved organic carbon analysis is promising as a simple but comprehensive index for compost stabilitylmaturity.
s a promising alternative for biosolids disposal, land A application of composted biosolids has increased in the past decade (Goldstein and Steuteville, 1996) . One of the important factors affecting the successful use of biosolids compost for agricultural purposes is compost stability/maturity (Iannotti et al., 1994; Inbar et al., 1990; Mathur et al., 1993a) . Application of unstable or immature compost may cause slow plant growth and damage crops by competing for oxygen or causing phytotoxicity to plants due to insufficient biodegradation of organic matter (Brodie et al., 1994; He et al., 1995; Keeling et al., 1994) . Because of these concerns, extensive research has been conducted to study the composting processes and to develop methods to evaluate the stability/maturity of compost prior to its agricultural use (Hue and Liu, 1995; Iannotti et al., 1994; Jimenez and Garcia, 1992; Mathur et al., 1993a) . However, at present, there is no well-accepted, official definition of compost stability/maturity within the compost industry or research community. Correspondingly, there is no universally accepted method of evaluating compost stability/maturity. In addition, most published research was conducted on compost produced from small researchscale operations. There is a need to test if the methods suitable in lab scale will perform well in the real composting industry.
Abbreviations: DOC, dissolved organic carbon; MSA, mass-specific absorbence; EC, electrical conductivity; TVS, total volatile solids; TKN, total Kjeldahl nitrogen; HA. humic acid; FA, fulvic acid.
The terms "compost stability" and "compost maturity" are used frequently in the scientific literature. While stability and maturity were sometimes treated as different terms for the same compost property with no real distinction, some researchers have tried to differentiate stability and maturity because differences have been noted. Generally, the term "compost stability" is more consistently understood, and a well-accepted definition is "the rate or degree of organic matter decomposition." As such, compost stability can be expressed as a function of microbiological activity; it can be determined by O2 uptake rate, C 0 2 production rate, or by the heat released as a result of microbial activity (Iannotti et al., 1993; Chen and Inbar, 1993) . "Compost maturity" is a more elusive concept (Frost et al., 1992) , and generally refers to the degree of decomposition of phytotoxic organic substances produced during the active composting stage; it can be assessed by plant or seed testing (Zucconi et al., 1981; Iannotti et al., 1993) . However, phytotoxicity also can be caused by other factors, such as excess soluble salts or high heavy metal concentrations, which can lead to confusion in defining compost maturity and limit application of phytotoxicity tests for compost maturity. Understanding and properly defining compost stability and maturity will assist standardization and regulation of the methods used to evaluate compost quality.
Stable or mature composts have been reported to contain less DOC than the corresponding raw materials or immature composts, and suggest an indicator of compost stabilityhnaturity (Chanyasak et al., 1980; Hirai et al., 1986, Hue and Liu, 1995; Mathur et al., 1993b) . Furthermore, Chanyasak et al. (1980) reported that the DOC of immature compost could contain both humic and nonhumic substances. Chefetz et al. (1998) found that the percentage of humic-like substance, of the water soluble organic matter, increased during the late stages of composting. Since high absorbance is one of the most significant characteristics of humic substances (Orlov, 1995) , the change of absorbance of water-extractable organic matter may reflect the degree of humification and stability of compost. It is, therefore, possible to assess compost maturity/stability by determining both DOC concentration and its spectrophotometric properties. In addition, compost stability/maturity depends on the chemical constituents present in a compost feed stock as well as those present in various decomposition stages. Thus, compost chemical properties and feedstock are both potentially important in evaluating compost stability and maturity.
By comparing several chemical and biological parameters related to compost stability/maturity properties, the objective of this research was to (i) determine what relatively simple parameters can be used to monitor the stabilizationlmaturation process of biosolids composting with different amendments and other organic wastes, (ii) compare and determine if compost stability, based on respiration rate, and maturity, based on seed germination rate, are different properties and if both measurements are needed for compost quality control, and (iii) to test if DOC concentration and its MSA analysis are suitable for evaluating compost stability and maturity.
MATERIALS AND METHODS Sampling
Biosolids compost samples were collected from three fullscale composting facilities (identified as Register, Winslow and Sunset) in Florida. The composition and ratios of biosolids to other feedstock materials differed among facilities but were relatively consistent within each facility. Three to five samples were collected at each facility from various stages of the curing process (as defined by the facility) ( Table 1) . Collected samples were placed in polyethylene bags, packed on ice in a cooler and shipped to the lab the same day. Upon arrival, the samples were sieved through a 9.5-mm Screen to remove large particles and kept refrigerated at 4°C. Storage time was less than 1 wk for method comparison analyses. A subsample was air-dried and ground to pass through a 2-mm screen for chemical analyses.
Chemical and Physical Analyses
Fresh samples were used to determine compost moisture content, water holding capacity, pH, and EC. Moisture content was determined as weight loss upon drying at 105°C in an oven for 24 h. Water holding capacity was estimated at 0.01 MPa (18 Pa) pressure (Cassel and Nielsen, 1982) . Electrical conductivity and pH were determined from a l:lOcompost/water extract ratio using an Accumet pH/Conductivity meter (Model 20). Total volatile solids (TVS) were determined as sample weight (Nelson and Sommers, 1982) . Compost samples were digested for total Kjeldahl nitrogen (TKN) and total P analyses (Bremner and Mulvaney, 1982) . TKN was analyzed using an Alpkem air-segmented continuous-flow automated spectrophotometer. Total P was measured colormetrically using a Shimadzu UV-160U spectrophotometer (Olsen and Sommers, 1982) .
f
Carbon Dioxide Evolution
Microbial respiration of compost samples, based on C 0 2 evolution, was measured using a modified procedure of Iannotti et al. (1994) . Approximately 10 g of previously screened sample at 60% (w/w) moisture content was sealed in a 0.5 L vessel along with a beaker containing a known volume of 0.5 M NaOH solution. The samples were incubated at room temperature (24 ? 2°C). During the incubation, the released C 0 2 was captured by the NaOH solution, which was then analyzed titrimetrically at regular intervals.
Seed Germination Test
A modified phytotoxicity test employing seed germination was used (Zucconi et al., 1981) . Number 2 Whatman filter paper was placed inside a 15 by 100-mm sterilized, disposable petri dish. The filter paper was wetted with 9 mL of 1:lO compost/water extract and 30 tomato seeds (Lycopersicon esculentum L.) were placed on the paper. Deionized water was used as a control and all experiments were run in triplicate. The petri dishes were sealed with Parafilm to minimize water loss while allowing air penetration and then were kept in the dark for 4 d at room temperature. At the end of 4 d, the percentage of seed germination in compost extract was compared with that of the water control. A preliminary test on the effects of soluble salts on tomato seed germination using CaC12 and NaCl solutions revealed no inhibition of seed germination when solution EC was <0.5 S m-I.
Dissolved Organic Carbon
Dissolved organic carbon was determined by first extracting a moist compost sample with deionized distilled water (water to solid ratio of 1O:l) for 2 h in a horizontal shaker at room temperature. The suspension was then centrifuged at 10 000 rpm for 10 min and filtered through a 0.45 pm membrane filter. The filtrates were used for DOC analysis. An aliquot of the filtrate was adjusted to pH < 2 using 6 M HCI, and then centrifuged at loo00 rpm for 10 min and filtered through a 0.45 pm membrane filter. The precipitate pellet collected at the bottom of centrifuge tube is water-extractable humic acid (HA), while the filtrate contained fulvic acid and other nonhumic substances (FA) (Swift, 1996) .
Organic carbon concentrations of total DOC, F A and H A fractions were determined using a Shimadzu TOC-5050A carbon analyzer. In addition, the absorbence of DOC, H A and FA solutions at 420 nm were measured using a Shimadzu UV16OU UV-visible spectrophotometer with samples diluted to -500 mg C L-' for FA and 100 mg C L-' for H A solutions. The readings were then used to calculate the MSA, which is defined as the absorbance per mass unit of DOC (Lmg -1 m-l).
Statistical Analyses
The SAS (release 6.12) (DiIorio, 1991) procedure GLM with LSMEAN and PDIFF options was used to compute the p-value of statistical differences between samples. Since compost stability and maturity degrees differed greatly from one facility to another, samples from each facility were treated as nested by facility. Correlation coefficients between parameters were calculated using a CORR procedure.
RESULTS AND DISCUSSION Physical and Chemical Properties of Compost
The physical and chemical properties of the compost samples varied greatly from one facility to another (Table 1). The moisture content (dry weight basis) and the water holding capacity of the Register facility samples were relatively low compared to the other two because the Register facility uses an aerated static pile system for composting. In order to recycle the woodchip bulking agent and improve compost recovery from the screening process, the Register facility controls 'the moisture content of compost so that it is relatively low at the end of the active composting process. The pH values for the Register compost samples increased (p < 0.01) and E C decreased (p < 0.01) with compost curing time. These results are consistent with the findings of Iannotti et al. (1994) who reported similar results using municipal solid waste compost. Avnimelech (1996) also reported similar results and further explained that pH and E C changes were caused by decomposition of organic acids, suggesting that simple parameters such as pH and E C might be good indicators of compost stability. Eklind (1998) studied the effects of six different amendments on the composting processes and found in all cases that the compost pH increased from 6 to >8 during the early stage of composting (<35 d) and then decreased slowly but steadily after that point. These results suggest that the Register samples might be in a relatively early stage of curing. The Winslow samples showed consistent increase in pH (p < 0.01) but the differences between samples were much smaller than Register samples, and only E C of Winslow-3 was significantly (p < 0.01) reduced. This may indicate that the Winslow samples also were in a curing stage, but probably in a later stage. Since samples from the two facilities were actively composted and cured for about the same length of time, the difference is due mainly to the carbon source waste material and the efficiency of different composting systems. The compost samples from the Sunset facility exhibited very different chemical and physical properties when compared to the samples from the other two facilities. In general, they had the highest moisture contents and water holding capacities among the three compost groups because of a high ratio of sawdust. In addition, they showed no consistent changes in pH and EC during the curing process, except the significantly (p < 0.01) lower pH of Sunset-5 sample, indicating that most compost samples from the Sunset facility had probably not been in an obvious stabilization/maturation stage. This conclusion is partly supported by the fact that the Sunset facility compost had a much higher percentage of TVS and a higher C/N ratio as well as lower concentrations of TKN and total P than the composts from the other two facilities.
In all three compost groups, the changes in TVS % and C/N ratios during curing failed to follow a consistent trend. The same was true for the concentrations of TKN and total P. A more thorough examination of these parameters, involving a longterm monitoring study of a single compost pile, may find some correlation between compost curing time and these parameters (Adani et al., 1995; Chefetz et al., 1998) . However, the results of the current tests indicate that, for a full scale composting facility with variations in waste feedstock and process controls, and limited composting time, these parameters are not suitable as accurate indicators for compost stability/maturity .
Carbon Dioxide Evolution
The C 0 2 evolution rate decreased with curing time for the Register and Winslow facility samples, and there was no clear trend in the C 0 2 evolution rate for the Sunset samples (Fig. 1) . Due to the fluctuation of COz evolution rate, the accumulated C 0 2 evolution over 6 to 7 d of incubation was calculated ( Table 2 ). The accumulated C02 evolution of Register samples consistently and significantly (p < 0.01) decreased over time. Winslow-2 and Winslow-3 were significantly (p < 0.01) lower than Winslow-1. Only the Sunset-5 sample was significantly lower (p < 0.01) than the others. This result corresponds well with the change of pH and EC, and further confirmed that Register samples were in a stabilization process, Winslow samples were also in a curing process but probably at a later stage, and most Sunset samples were not in an obvious stabilization process.
Overall, the Register samples were significantly (p < 0.01) higher in microbial activity than the other two groups of samples. Based on C 0 2 evolution, all the Winslow and Sunset samples were much more stable than the Register samples. The much greater differences in values among the three groups compared with differences within each group imply that compost source material and process have a great impact on the compost stabilization process.
Seed Germination
Samples from the Register facility exhibited a significant decrease (p < 0.01) of phytotoxicity with curing time on tomato seeds ( Table 2 ). All of the Winslow samples yielded high germination rates (9047%) which corresponded well to their overall low C02 evolution rates (Fig. 1, Table 2 ). In contrast, the germination rates for the Sunset samples were all low (31-55%), indicating that the Sunset samples were still phytotoxic to tomato seeds despite their low COz evolution. The EC and pH values for these samples were within the ranges that normally do not adversely affect seed germination. In addition, total trace metal concentrations and water soluble heavy metal concentrations were all low (data not shown). It can, therefore, be assumed that the low seed germination rate of the Sunset compost is associated with the feedstock source material and its actual composting stage (Zucconi et al., 1981) . These results demonstrated that stability based on C 0 2 evolution, and phytotoxicity based on seed germination, tested different properties of compost (stability/maturity) and that low respiration rates did not necessarily reflect low phytotoxicity.
Dissolved Organic Carbon
Total DOC concentrations in all three compost samples decreased with curing time (Table 3) , which is consistent with the literature (Chefetz et al., 1998; Garcia et al., 1991a,b; Inbar et al., 1993) . DOC reduction is apparent at an early stage in a composting process and gradually reaches a plateau with curing time (Chefetz et al., 1998) . The overall TOC level of the three composts follows the order of Register > Sunset > Winslow with significant difference (p < 0.01) among each other. Bernal et al. (1998) established a DOC value of <17 g kg-' as the index for stable compost based on seven composts, whereas Hue and Liu (1995) used DOC 510 g kg-' as the cutoff point based on 17 composts. Using DOC standards of 10 to 17 g kg-' as the cutoff values for stable compost, the Winslow and Sunset composts were both stable, although the latter started out slightly higher than the standard (Table 3) . These results are correlated with accumulated COz evolution ( r = 0.884, p < 0.01, n = l l ) , which supports the idea that DOC is the most active part of carbon and indicative of compost stability.
However, the DOC concentrations alone do not explain the low seed germination rate for the Sunset samples, especially when the data were compared with that of the Register-3 sample. These results suggest that while DOC reduction can generally be correlated with reduced phytotoxicity to seeds, it is important to consider the characteristics of DOC composition. DOC composition and phytotoxicity will change with different feedstock, bulking agents and other types of waste materials used along with compost curing time. Using MSA of DOC, we may be able to indicate the phytotoxic property of DOC. A high MSA value for DOC indicates a high degree of humification. The MSA has previously been used to characterize the degree of humification of water-soluble humic substances (Battin, 1998) . As expected, the MSA values for the HA fractions (1.9-9.1) were much greater than for the FA fractions (0.5-1.4; Table 3 ). As curing time increased, significant increases (all with p < 0.01) in the MSA of DOC, HA, and FA were observed in the Register and Winslow samples (Table 3 ). This implies that aromatic molecules were formed or concentrated during curing in these two composts. Mathur et al. (1993b) reported an increase followed by a decrease in DOC concentration and absorbence with curing. Such a difference may be explained in two ways. First, Mathur et al. (1993b) did not express DOC absorbence on a unit mass basis. Absorbence may decrease due simply to a decrease in total DOC concentration. Second, the compost used by Mathur et al. (1993b) was in a final curing stage and was relatively more stable than the compost samples used in our research, As such, much of the water-soluble HA may have coagulated into a water-insoluble form (Schnitzer et al., 1993) . This second reason may also explain reduction of the HA fraction for the Winslow samples. The advantage of using MSA can be seen by comparing the DOC concentrations and MSA values for the HA fractions of the three compost groups in our test. (Table  3 ). Based solely on the HA concentrations, the compost samples from the Sunset facility would be considered more mature. However, this is not the case upon further examination of the data. While the Sunset samples had the highest HA concentrations, their HA fractions had the lowest MSA, indicating that most of the organic matter in the HA fraction actually may not be humic acids. The Sunset facility used large amounts of sawdust as its compost carbon source, its lignin component may contribute to the HA fraction. As such, the use of MSA provides a better indication of the humification degree of DOC than the carbon concentration ratio of HA/ FA. Despite the variation caused by different waste material, seed germination rate is negatively correlated to DOC concentration (r = -0.770, p < 0.01, n = 11) and positively correlated to the MSA of DOC ( r = 0.722,~ < 0.01, n = 11). The result indicates it is possible that MSA of DOC serves as a simple but comprehensive index of DOC composition for phytotoxicity when detailed analyses of chemical compounds are difficult. As a chemical method, DOC analysis is much less time consuming and easier to standardize, without problems inherent to biological tests. More data are required to confirm the relation between compost DOC and respiration rate as well as the phytotoxicity of biosolids compost, but it is promising that by determining DOC and MSA, one can assess compost stability and maturity status.
SUMMARY
Compost stability based on CO, evolution, and maturity based on seed germination, are indeed two different characteristics of compost quality. Generally, stability and maturity may be correlated (e.g., more stable com-post tends to be more mature). However, due to variation in compost feedstock and composting processes, some stable compost may need more time to break down the phytotoxic substances, and muture compost may have a relatively high respiration rate. As a result, both parameters are needed to assure high quality compost product. The DOC concentration and MSA are highly correlated to C 0 2 evolution and germination rate. The DOC analysis has a potential to replace the C 0 2 evolution and seed germination test to assess compost stability and maturity. In a full scale composting facility, C/N ratio and HA /FA of DOC are not accurate indicators of compost stabilization and maturation processes. Instead, with relatively consistent source waste composition and calibration of other stability and maturity tests, pH and EC may be used to monitor compost stabilization and maturation processes.
